S E T T I N G
C O N C L U S I O N : CXR assessment using CAD4TB and by clinical officers is comparable. CAD4TB has potential as a point-of-care test and for the automated identification of subjects who require further examinations. K E Y W O R D S :
digital chest radiograph; computer-aided diagnosis; tuberculosis diagnostics; medical image analysis; automated screening TUBERCULOSIS (TB) remains a global health problem, with almost 9 million new cases and 1.4 million deaths reported in 2011. 1 As TB is infectious but curable, its early detection is crucial in reducing the disease burden. Various strategies have been recommended by the World Health Organization (WHO) and other organisations for active case fi nding and prevalence surveys, whereby chest radiography is used as a screening tool and those subjects with an abnormal chest radiograph (CXR) undergo further, more expensive and time-consuming examinations. [2] [3] [4] [5] [6] [7] [8] One of the reasons for the increased interest in CXR is the improvement in image quality obtained with digital radiography. In populations with a high prevalence of HIV/AIDs (human immunodefi ciency virus/acquired immune-defi ciency syndrome), existing TB diagnostics such as sputum smear microscopy are less reliable, 9 and using CXR in the diagnostic algorithm can improve TB detection. [10] [11] [12] [13] In various studies, CXR is used as one of the diagnostic tools for TB detection, primarily in resource-limited settings, where confi rmatory diagnostic tests such as sputum culture are un available. 14, 15 In resource-constrained countries with a high TB incidence, the limited availability of skilled clinical offi cers to read CXRs is a major obstacle to their use as an adjunct tool for TB diagnosis. Computer-aided detection (CAD) systems may be exploited to accelerate active case fi nding and antit uberculosis treatment in such settings. 16 CAD can also be a valuable tool for clinics where bacteriological tests are recommended based on CXR fi ndings.
In the present study, we evaluated and compared the performance of a CAD system with clinical officers who read CXRs on a daily basis in their regular practice in a primary health care centre in Lusaka, Zambia. This is the fi rst study to evaluate the performance of a CAD system for TB detection in comparison with the performance of clinical offi cers.
MATERIAL AND METHODS

Study setting
The study was conducted at a busy urban health centre in Lusaka, Zambia, among TB suspects presenting
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1614 The International Journal of Tuberculosis and Lung Disease with symptoms. The health centre serves a population of 146 000 and notifi es 2000 TB cases per year; the HIV coinfection rate is approximately 70%. 17 
Study procedures
Data used in this analysis were collected as part of a WHO TB Specimen Bank study in 2010-2011, where sputum, serum and urine samples were preserved to devise and test new diagnostic tools for the detection of TB. 18 Inclusion criteria were patients aged >18 years with a persistent cough of at least 3 weeks, who were willing to provide clinical specimens for storage and to undergo HIV testing. Patients who had received anti-tuberculosis treatment in the last 2 months were excluded.
Patients were asked to submit two sputum samples before the start of any treatment; the samples were examined at the Chest Diseases Laboratory, Lusaka (also known as the Zambian National TB Reference Laboratory). Sputum smears were examined and graded for acid-fast bacilli (AFB) using fl uorescence microscopy. Sputum specimens were cultured in liquid media using BACTEC TM MGIT TM (Mycobacteria Growth Indicator Tube; BD Sparks, MD, USA) and in solid Löwenstein-Jensen media. Clinical information was collected using standardised case report forms, as described elsewhere. 18 Posterior-anterior digital CXRs (1600-1800 pixels image width, isotropic pixel size 0.25 mm, Odelca-DR; Delft Imaging Systems, Veenendaal, The Netherlands) were acquired at the site and read by a clinical offi cer (the fi eld offi cer) who classifi ed the CXR as 'normal' or 'abnormal' based on absence or presence of abnormalities consistent with TB. The CXR reading by the fi eld offi cer along with the above bacteriological tests were used to decide the treatment regimen.
Ethics statement
Ethics approval for the study was obtained from the University of Zambia Ethics Committee as part of the WHO Specimen Bank study. Formal written consent to use the data for research purposes was obtained from all study participants.
Study design
In this retrospective study, 161 subjects were enrolled from the WHO TB Specimen Bank study, for whom we were able to link the CXRs with clinical information on symptoms, sputum smear microscopy, HIV status, CD4 count, solid and liquid AFB culture, and CXR reading by the fi eld offi cer. The study population demographics are shown in Table 1 . Smear microscopy and culture results were used as the bacteriological reference. Active TB was defi ned as ⩾1 sputum smear-positive and/or ⩾1 culture-positive results having ⩾1+ growth of Mycobacterium tuberculosis on solid media or growth on liquid media identifi ed as M. tuberculosis. All mycobacterial isolates defi ned as growth containing AFB on ZiehlNeelsen staining were further identifi ed using the GenoType ® Mycobacterium CM assay (Hain Lifescience, Nehren, Germany). The radiological reference was retrospectively determined by an experienced chest radiologist at Radboud University Nijmegen Medical Centre, who labelled the CXRs as normal or abnormal for abnormalities indicative of active TB.
Radiological assessment by clinical officers
The CXRs were independently assessed by four clinical offi cers working at the same urban health centre in Lusaka. All clinical offi cers had received a 3-year diploma in medicine in Zambia and read CXRs regularly at the clinic. The medical programme included brief training on reading CXRs and 2 months' practicum where ward duties included CXR reading. For this study, the clinical offi cers were given 30-min training by a researcher in reading protocol and the use of a DICOM (digital imaging and communications in medicine) image viewing software tool for scoring CXRs. The clinical offi cers were blinded to the CAD scores and all clinical information. They were instructed to assess each CXR on a continuous scale of 0 to 100, where abnormality scores of >50 indicated an abnormal image. The scores given by the clinical offi cers refl ect their confi dence in interpreting abnormalities consistent with active TB.
Automated reading
A software system developed for automated detection of pulmonary TB (CAD4TB, version 1.08, Diagnostic Image Analysis Group, Nijmegen, The Netherlands), as described by Hogeweg et al., 19 was also used to analyse the CXRs. Examples of output images with CAD abnormality scores are shown in Figure 1 . The software is based on supervised machine learning methodology, whereby the software system is trained with labelled samples (examples) of various classes to produce an inference function that is used to label an unknown sample. 20 The software was trained with labelled normal and abnormal CXRs to predict the probability of an unseen CXR being abnormal. The training set consisted of 945 consecutive digital CXRs (514 abnormal, 431 normal) acquired from two high TB prevalence sites in sub-Saharan Africa, Lusaka, Zambia, and Cape Town, South Africa. The software combines the output of two detection systems, namely textural abnormality detection and shape abnormality detection. Both detection systems require the automated segmentation of un-obscured lung fi elds as an initial step. 21 The training procedure for textural abnormality detection included extracting descriptive features from normal and abnormal circular patches in lung fi elds to train a k-nearest neighbour (k-NN) classifi er 20 to differentiate between a normal and an abnormal location in the image. The descriptive features were based on moments of intensity distribution of Gaussian derivative fi ltered images at each patch location and its relative position in the lung fi elds. 22 Patches in the lung fi elds of the new CXR were classifi ed and assigned a probability score of being abnormal. These patch probabilistic labels were then aggregated into a textural abnormality score for the CXR.
Automated lung fi eld segmentation may be inaccurate if the CXR has large abnormalities, particularly when these are in the pleural space ( Figure 1C) . 23 As abnormalities outside the segmented lung fi elds would go undetected by the texture detection system, the second system analyses the shape of the extracted lung fi elds, which could indicate the presence of abnormalities. Hence, a shape model as proposed in Hogeweg et al. was built using lung shapes of normal CXRs in the training data set. 19 Using this shape model, a shape abnormality score of between 0 and 100 was computed. A high shape abnormality score refl ected an abnormal image. Texture and shape abnormality scores were used as image descriptive features to train a k-NN classifi er, which was then used to estimate the combined abnormality score of a new CXR image.
Statistical data analysis
The results were evaluated against the bacteriological and radiological reference results. The area under the receiver operating characteristic (ROC) curve (AUC) 24 was constructed using both references for an average clinical offi cer, for the four clinical offi cers individually and for CAD4TB. A previously published study of breast cancer detection in mammography reported higher performance when the score was averaged among several readers than in an individual reader. 25 We compared the performance of CAD4TB with a simulated average clinical offi cer. To construct an ROC curve for the average clinical offi cer, the abnormality scores of the clinical offi cers were averaged to obtain a mean abnormality score per image. The signifi cance of differences in performance was measured using bootstrapping. 26, 27 Using this procedure, a new data set is constructed by sampling subjects with replacement from the test data set 5000 times. For each re sampling, ROC curves were constructed for all the six reader categories (i.e., CAD4TB, the four clinical offi cers and the average clinical offi cer readings). The difference in mean sensitivity (ΔS) was calculated pair-wise between CAD4TB and the fi ve other reader categories. P values were defi ned as the fraction of ΔS values that were negative or zero. 26 Differences in performance were considered signifi cant if P < 0.05. A statistical analysis tool developed in-house based on the statistical software package R, v2.15.0 (R Computing, Vienna, Austria) was used to calculate P values and construct ROC curves.
We compared the sensitivity and specifi city of the clinical offi cers with that of the CAD4TB by labelling the CXRs as normal or abnormal using the threshold clinical offi cer's abnormality score (>50 was abnormal). To calculate these values for CAD4TB, we thresholded the CAD4TB abnormality score to obtain the same specifi city as the fi eld offi cer, using the bacteriological reference. This threshold allowed us to analyse the performance of CAD4TB if it were used as a reader in the fi eld in place of the fi eld offi cer.
Intra-observer agreement kappa (κ) and 95% confi dence intervals (CIs) were estimated using Cohen's κ statistics for agreement between the radiological reference and all reader categories. κ values were measured using the R statistical software package (v 2.15.0). We assessed the sensitivity of the four clinical offi cers and CAD4TB at the specifi city of the fi eld offi cer. 
RESULTS
According to the bacteriological reference, the data set contained 97 active TB cases and 64 subjects without TB. The average reading time per clinical offi cer per case was 37 ± 27 s. CAD4TB computed an abnormality score per case in ~100 s using standard PC hardware.
If we look at the sensitivity and specifi city of the human readers, the performance of CAD4TB was comparable using both references, as indicated in Table 2 (Columns 5 and 6). The clinical offi cers and CAD4TB had moderate (κ = 0.49-0.67) and substantial (κ = 0.61) inter-reader agreement, 28 respectively, with the radiological reference (Table 3 , column 6).
ROC curves using the bacteriological reference ( Figure 2) for all the readers were comparable, with similar AUC values (0.65-0.75, Table 2 ), and the P values indicated no signifi cant differences between any clinical offi cer and CAD4TB, except for one clinical offi cer (AUC = 0.65), who performed significantly worse than CAD4TB (AUC = 0.73, P = 0.02). The fi eld offi cer achieved a sensitivity of 0.81 at a specifi city of 0.41. At this specifi city, the CAD4TB had higher sensitivity than the fi eld offi cer and all the clinical offi cers ( Table 2 , column 7).
We also analysed the performance of all of the readers against the radiological reference results (Figure 3) . The data set contained 120 abnormal CXRs as read by the experienced chest radiologist in The Netherlands. All readers obtained higher AUC values (0.89-0.94) than those calculated using the bacteriological reference, and there were no signifi cant differences in performance between CAD4TB and the clinical offi cers (Table 2) .
DISCUSSION
Previous studies have shown substantial variations in the performance of human readers in interpreting * 'Reference' = radiological reference; 'reader' = each reader category specified in the first column. CI = confidence interval. abnormalities consistent with TB on CXRs. Sensitivity and specifi city vary respectively from 0.26 to 0.95 and from 0.56 to 0.99 (Table 4 , Figure 4) . Most of the studies report only sensitivity, specifi city and κ values, because in clinical practice human readers interpret an image in a binary manner as either 'normal' or 'abnormal'. Only a few studies have used the ROC paradigm to determine the accuracy of a diagnostic TB algorithm. 7, 33, 35, 36 Binary image classifi cation leads to differences in sensitivity and specifi city between readers, which was also evident in our study (Table 2 ). This source of variation could potentially be eliminated with automated reading, as CAD4TB provides a continuous abnormality score on a scale of 0 to 100. In practical applications of CAD4TB, an optimal threshold could be determined based on its role in the TB diagnostic algorithm. In a screening setting, a threshold with very high sensitivity should be chosen to select subjects who require defi nitive examinations, i.e., sputum culture or Xpert ® MTB/RIF testing (Cepheid, Sunnyvale, CA, USA). This threshold may also depend upon laboratory capacity and the costs incurred in resource-constrained settings, where the number of available Xpert cartridges may be limited.
The performance of the readers and the software was similar, but AUC values were relatively low (0.65-0.75) against the bacteriological reference (Table 2 ). This might be attributed to the subject inclusion criteria of the WHO TB Specimen Bank study, where only subjects with TB symptoms were enrolled (Table 1) . 18 According to the expert reading, 64.1% of bacteriologically negative subjects had an abnormal CXR with obvious TB-related abnormalities that were scored as highly suspicious by the clinical offi cers and CAD4TB. As a result, the use of a radiological reference resulted in considerably higher AUC values (0.89-0.94). Furthermore, the study population had a high prevalence of HIV (68%), which is known to lead to atypical abnormalities on CXR. 37 The performance we obtained with CAD4TB is comparable to what is reported in the literature on human reading of CXR in HIV-positive individuals (Figure 4) . 11, 14, 30 CAD4TB obtained a very high AUC value (0.91) and substantial agreement (κ = 0.61) with the radiological reference. These results indicate that CAD4TB performs well in detecting radiological abnormalities, and could be a useful tool in resource-constrained settings for the diagnosis of smear-negative TB. For CAD4TB to be used independently as a diagnostic tool in a clinic, very high sensitivity should be achieved at an acceptably high specifi city. Future research includes training the software with various subtypes of abnormalities present in bacteriologically proven TB cases.
This study has some limitations. The study population was unbalanced, i.e., a large proportion of subjects with an abnormal CXR or HIV-positive status were residing in this high TB prevalence community. Our fi ndings need to be validated in larger cohorts that include more healthy subjects, and the data should ideally be collected from a multicentre study with subjects from varied ethnicities. This would provide stronger support for the use of the CAD4TB for point-of-care testing or in prevalence surveys.
In conclusion, automated reading using CAD4TB has similar performance to that of clinical offi cers in assessing abnormalities indicative of TB. CAD4TB has the potential to be used as a point-of-care decision tool, assist human readers or identify subjects who should undergo further testing. Table 4 provides further details about the literature studies. AUC = area under the ROC curve; ROC = receiver operating characteristic; HIV = human immunodeficiency virus. This image can be viewed online in colour at http://www.ingentaconnect.com/content/iuatld/ ijtld/2013/00000017/00000012/art00020
